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ABSTRACT
PASSIVE PLANAR TERAHERTZ RETROREFLECTORS
by
Dhruvkumar Desai
As the application of the Terahertz (THz) band (0.1 – 10 THz) is investigated in
various settings, wireless communication stands out as an important frontier to
explore. The benefits of increased bandwidth and data rates it promises will only
be realized if new technology is developed to support it. Specifically, since THz
wireless communication links are typically line-of-sight (LoS), the LoS can be
blocked by moving obstacles, thereby requiring alternative link paths. One
proposed solution for indoor wireless communications involves systems of
steerable antennas, reflective “wallpaper”, and steerable mirrors which would
redirect THz beams around a blocking obstacle.
As an initial step in developing steerable mirrors for THz wireless systems,
this thesis describes the development of a passive planar terahertz retroreflector
based on the Van Atta array. The retroreflector is optimized and simulated using
FEM software, fabricated via a low-cost additive manufacturing method, and
characterized using terahertz time-domain spectroscopy. Comparison to a flat
metal plate shows an increase in monostatic RCS for off-normal angles of
incidence.
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I have no special talent. I am only passionately curious.
– Albert Einstein
To Ellis, stay curious.
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CHAPTER 1
INTRODUCTION

1.1 Motivation
The terahertz band, generally defined by the range of frequencies from 0.1 – 10
THz, occupies an interesting portion of the electromagnetic spectrum [1]. Shown
in Figure 1.1, this region’s position between the electronics and photonics realms
highlights its potential for application in areas dominated by the latter two, lending
itself subject to similar properties as well [2].

Figure 1.1 Terahertz band within the electromagnetic spectrum.
Source: Fujitsu, "Relationship between electromagnetic wavelengths and frequencies," 2011091201al_tcm100-930360.jpg, ed. Kawasaki, Japan, 2011.

While once largely unexplored, the “terahertz gap”, to which it is commonly
referred, has been coming into the light [4]. As evidenced by the increase in
publications and presence of devoted technical sessions by major societies, the
emergence of THz applications was driven by research in defense and material
science [5]. Other uses have since expanded to security, medicine, biology, space,
and manufacturing [1] [6]. Now, one of the latest areas to explore the THz potential
is wireless communication.
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1.1.1 Terahertz in Wireless Communication
Edholm’s Law describes the rate of increase of bandwidth in telecommunications
as the years progress. Like Moore’s Law, Phil Edholm predicted that data rates
from both wired and wireless communications will continue double every 18
months [7]. This corresponds to rates up to 10 Gbps by the next few years, a
striking million-fold rise from the 1980s, with wireless data rates potentially
approaching 1 Tbps [4]. Additionally, a great influx of users and devices has begun
to crowd the space, as much of the communication has been regulated to bands
below 5 GHz [6]. In a recent IP traffic forecast, Cisco estimated that Internet traffic
would increase nearly threefold in the next five years, to over three Zettabytes
(three billion Gigabytes) per year by the end of 2021 [8]. This staggering amount
of data, which continues to grow, demands new schemes to exchange information.
Finally, we are beginning to address the possibility of a new spectral range for
wireless communications. The THz band has within it the potential to deliver high
speeds and increased capacity, making it a viable next step.
In 2007, progress toward this step was made evident when IEEE 802.15
Working Group on Wireless Personal Area Networks (WPAN) formed the Interest
Group on Terahertz to explore the potential uses in communication [9]. Benefits of
using the terahertz band include the following:
1. The available bandwidth is significantly greater than that in the microwave
and mm-wave regions [1] [4].
2. Data rates around 1 Tbps are possible, which are unattainable below 0.1
THz. Optical frequencies can reach these speeds but are constrained by
the complexity and size of required equipment [4].
3. There is a lower attenuation in adverse weather versus the optical band
[1].
2

4. Diffraction is also reduced compared to microwaves, which allows for a
more secure link [4].
5. Aside from a few portions used for radio astronomy and remote sensing,
much of the band remains unregulated [10].
One limitation to the maximum wireless link distance for outdoor
communications is atmospheric path loss [6] [11]. Despite the advantages of THz
wireless links over optical wireless links in bad weather conditions such as fog,
there remain wide swaths of THz frequencies that are severely attenuated in
common atmospheric conditions [1]. While there has been some concern
(Piesiewicz et.al.) that high attenuation of certain THz frequencies may restrict
outdoor use of THz links to low-moisture, stable weather locations and limit the
use of the THz band to indoor links of short/medium range [12], it is possible to
utilize the low-attenuation atmospheric “windows” for an outdoor THz system. For
example, THz links of 100 Gbps over short distances have been demonstrated
[13]. A long distance 21km link operating at 0.14 THz with a data rate of 5Gpbs
has been demonstrated [14]. However, it is an ongoing initiative to develop
supporting technology such as sources, modulators, detectors, etc. for a THz
wireless system. The lack of advanced THz components and subsystems is
limiting progress [1] [4].
1.1.2 Achieving the Link
In [6], analysis of the Friis transmission formula emphasizes the directional nature
of THz radiation. The formula is commonly written as the following

3

𝑃
=𝑒 𝑒
𝑃

λ
4π𝑅

(1.1)

𝐷𝐷

where r and t represent the receiver and transmitter, respectively, P is the power,
e is the antenna efficiency, λ is the free-space wavelength, R is the distance
between the receiver and transmitter, and D is the directivity [15].
Clearly, as is it written, the received power is dependent on the square of the
wavelength,

which

argues

against the use of

higher frequencies for

communications. But looking closer at the directivity, it is shown that the effects of
diffraction can be applied to reintroduce a wavelength dependence, only this time
in an inverse square relationship [15]:

4π𝐴
λ

(1.2)

𝑃
𝐴 𝐴
=
𝑃
λ 𝑅

(1.3)

𝐷=

A is the effective area of the antenna. Now, one can see that diffraction in the farfield allows for a narrower beam in the THz frequencies.
Because of this directionality, THz communications will be inherently lineof-sight (LoS) based. For certain scenarios, such as outdoor wireless links
between buildings, this is virtually no issue. Widespread use, however, will prove
to be problematic when blockages can occur [6]. In the 5G concept presented in
[16], THz transmitters could be utilized to provide high-speed connectivity to mobile
4

users. The essential freedom of maneuver provided by mobile receivers means
that obstacles to the signal are inevitable. For indoor situations, furniture and even
other people can block transmission. Outdoors, a walking receiver can lose the
signal.
This non-line-of-sight (NLoS) communication will require new technology
that can maintain the link between transmitters and receivers. A “smart” steerable
antenna system [2] [6] consisting of steerable antennas, reflective wall paper, and
reflective relays (i.e. electronically steerable mirrors) has been identified [6] [17] as
one of the key components which needs to be developed for indoor THz
communication systems. Antenna arrays would be indispensable in the THz range
due to the need for automatic accurate beam forming/switching to compensate for
LoS loss experienced in this environment due to moving obstacles (humans) or
wireless devices. Electronically steerable mirrors could function as relays in the
case of a LoS loss.
One commonly presented solution for reflecting THz beams to compensate
for LoS loss is reflective “wallpaper”. Some well-known developments in the latter
involve dielectric mirrors that rely on alternating indices of refraction to reflect THz
radiation [18] [19]. Steerable antennas, as conceptualized in [16], would require
some sort of mirror as well. The longer term goal of this research direction is to
develop an electronically steerable planar mirror which can relay a THz beam to
alternative link paths as illustrated in Figure 1.2.

5

THz steerable
mirror

THz steerable antenna

THz reflective wallpaper
Figure 1.2 Smart steerable THz beam system concept. A steerable antenna
directs the THz data link to the client devices. An obstructed link is redirected via
reflective wallpaper. A moving client device’s link is maintained by a steerable
mirror.

1.2 Objective
In this thesis, a new approach to the THz mirror design is investigated: Van Atta
array reflectors. As described in Section 1.1.2, phase shifters can be integrated
into the Van Atta design enabling an electronically steerable mirror which could
potentially enable the smart steerable beam system illustrated in Figure 1.2. As an
initial step in the development of Van Atta arrays in the THz, the objective of this
thesis is to design, fabricate, and characterize a passive planar retroreflector for
the terahertz frequencies. Using examples and guidelines from literature, designs
will be developed and optimized using finite-element method software (COMSOL).
Designs will be ranked by simulated performance and the selected model will be
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fabricated using micro-dispensing hardware (nScrypt SmartPump). Finally, the
simulations will be validated using a terahertz time-domain spectroscopy tool (TRay 2000).

1.3 Background Information
1.3.1 Retroreflectors
Retroreflection is the phenomenon by which electromagnetic radiation is reflected
back towards the source [20]. As opposed to planar mirrors, this can occur for
angles of incidence (θ) other than boresight, as shown in Figure 1.3 below. This
property lends itself to many practical uses, both everyday and technical.

θ

θ

retroreflector

planar mirror

Figure 1.3 Specular reflection from a planar mirror (left) and retroreflection
back towards source (right).
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Figure 1.4 Examples of common retroreflectors in road signs and bicycles (left)
and Lunar Laser Ranging Retroreflector on the moon (right)
Sources: Lucent, Glowing-retroreflector-web.jpg, ed: Lucent Optics, 2018.
S. Rowe, "Retroreflectors: Common uses, uncommon applications and the Lunar Laser Ranging
Experiment," ed. Oak Ridge, NJ: Esco Optics, 2017.

Many safety-oriented products such as bicycles and clothing have retroreflective
materials embedded to aid in detection during low visibility conditions.
Retroreflectors have been used by NASA to measure the Earth-Moon separation
and by other researchers in optical detection [20] [23].
In [24], common types of passive retroreflectors are analyzed. These
include dihedral and trihedral corner reflectors (flat reflective surfaces joined
orthogonally into a 3D structure) and the Luneberg lens (a sphere of dielectric
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material with a radially-dependent relative permittivity and a metallic cap). When
examining their performance over varying angles of incidence, both offer a
significant improvement off-normal but fall short of the third type of retroreflector
examined in [24], the Van Atta array.
1.3.2 Van Atta Arrays
In 1959, Lester C. Van Atta was awarded a patent for an “electromagnetic reflector”
which was designed to be “an array of antennas for reflecting an incident
electromagnetic wave back in a predetermined direction that is capable of
operating at wide angles of incidence” [25]. These arrays consist of antennas
connected in pairs that will retroreflect incident radiation. For proper operation, the
antennas within each pair must be diametrically opposed about the center and
connected by transmission lines of equal electrical length (integer multiples of the
wavelength). By doing this, the emitted radiation, even from different pairs, align in
phase. The original concept, using horn antenna as an example, is shown in Figure
1.5. The arrival of the wavefront at an angle θ causes a phase delay in the rays
incident on the antennas. Since the pairs connected are opposite one another
about the center, the phase delay in any receiving antenna is offset by that in its
paired transmitting antenna and vice versa [26].

9

Figure 1.5 Retroreflector concept proposed by Van Atta. Incident rays reflect back
towards the source in phase. This is made possible by transmission lines that are
equal in electrical length connecting pairs of antennas that are diametrically
opposed.
Source: L. C. Van Atta, "Electromagnetic Reflector," US Patent 2,908,002, October 6, 1959.

The comparison done in [24] showed that the Van Atta array had a broader
return signal versus angles of incidence compared to the corner reflector and
Luneberg lens. In addition, for a comparable radar cross section, the Van Atta
array would be smaller and significantly thinner than both. Though the latter two
are better equipped to operate over a wider bandwidth, the design of Van Atta
array makes it ideal for operation within a specific band, as would be necessary
for wireless communications. The choice of antenna allows the array to operate at
specific frequencies. Moreover, there is potential to include electric switching and
amplifying

capabilities

within

the

Van

10

Atta

structures,

shown

in

Figure 1.6 suggesting a promising approach to developing Van Atta structures as
‘smart’ steerable mirrors [24]. These would be integrated into a “smart” antenna
system for THz wireless communications, such as one illustrated in Figure 1.2.

Incoming
Wavefront



Antenna

Possible active
components

Transmission
Line

Figure 1.6 Van Atta array diagram showing possible locations for active
components. These can include amplifiers and/or phase delays.

An important consideration in the Van Atta design as compared to the
alternative 3D retroreflecting structures described in [24] is that the Van Atta arrays
can be printed using additive manufacturing methods into a 2D planar structure.
1.3.3 Patch Antennas
To meet the objective, we must choose a relatively thin antenna. None is better
suited for this task than the microstrip antenna. In its simplest form, it consists of a
conductive “patch” on a dielectric layer followed by a ground plane. Popularized in
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the 1970s, this versatile antenna, depicted in Figure 1.7, holds many advantages
suitable for this application [27]:
1. They can be fabricated easily.
2. They are easily integrated into circuits and arrays for enhanced
performance.
3. By design, they are thin and even flexible.
4. There are varied approaches to feeding, each of which can be
advantageous for improving losses, directivity, or impedance matching.

Figure 1.7 Example of inset-fed patch antenna with a microstrip feed line.
Source: Saturn PCB, "915MHz Patch Antenna," 915MHz_Patch_Antenna-big.png, ed. Orlando,
FL: Saturn PCB Design, Inc., 2017.

Sacrifices that must be made for their ease of use include low bandwidth
and decreased efficiency and power [27]. These can be overcome by choice of
parameters during design and arraying. These design considerations will be
discussed later.
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1.3.4 Radar Cross Section
Once a proposed design for the retroreflector is chosen, comparisons must be
made to determine its performance relative to other solutions. A common approach
is to look at the radar cross section (RCS). Though initially used to describe
scattered energy from a target back to a receiving radar, this term is more general
in practice and readily implemented in other frequencies as well [29].

Ii
"radar"

Ir

Is

“target”

d
Figure 1.8 Determination of the radar cross section of a “target”. RCS is
proportional to the ratio of scattered intensity (at the radar after divergence) to
incident intensity (at the target).

To determine the value, we consider one “radar” (which serves as both the
transmitter and receiver for monostatic RCS) and a “target”, as depicted in Figure
1.8. The RCS of an object (σ) effectively reduces the incident energy. Following
the similar derivation in [29], if Ii, Is, and Ir represent the incident, scattered, and
return intensities, respectively:

𝐼 = 𝜎𝐼

13

(1.4)

This scattered intensity, however, is not what returns to the radar. It is further
reduced due to the inverse-square law [30] as it travels back over the separation
distance, d.

𝐼 =

𝐼
4𝜋𝑑

(1.5)

Substituting and solving for the RCS value:

𝜎=

𝐼
𝐼
= 4𝜋𝑑
𝐼
𝐼

(1.6)

These measurements are usually taken in the far-field, where the separation
distance much greater than the wavelength, which allows for the plane wave
approximation to hold [29]. Thus, a small change is needed:

𝜎 = lim 4𝜋𝑑
→

𝐼
𝐼

(1.7)

For the study of a retroreflector, it is important to consider the angle of
incidence of the directed energy. Though not explicitly seen in Equation 1.7, the
RCS of any object (placed at the origin of a spherical coordinate system) will be a
function of the polar (θ) and azimuthal (φ) angles, as well as the distance to the
source, d. One of the challenges to the implementation of THz wireless
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communications was the need for NLoS links, which could occur at random angles
depending on the locations of the transmitters and/or receivers. In order to remain
effective, a THz retroreflector must be able to operate well over a relatively broad
range of angles.
In the case of the flat metal plate, a strong specular reflection is the source
of most of its RCS value. As the angle of incidence shift from normal, the RCS
steeply drops as seen in Figure 1.9.

Figure 1.9 Normalized monostatic RCS of flat metal plate.

For the study at hand, it is necessary to further define a figure of merit to
rank the performance of concepts during the design phase. While RCS values over
angles of incidence will depict an accurate representation of the performance over
angles, a rotationally-averaged RCS will provide a single value to quantify the

15

overall performance of the retroreflectors. This can be calculated by taking the
surface average of the monostatic RCS.

𝜎

. .

=

1
𝑁

𝜎 (𝑟 = 𝑑, 𝜃, 𝜑) 𝑑𝑆

(1.8)

Because only the behavior of the waves in front the retroreflector is considered,
the integral is restricted to first four octants, where θ ranges from 0 to π/2, on a
ball of radius d, the distance between the source and the sample. N is a
normalization constant determined by the bounds.

𝜎

. .

=

1
2𝜋

𝜎 (𝑟 = 𝑑, 𝜃, 𝜑) sin 𝜃 𝑑𝜃𝑑𝜑

(1.9)

With an analytic form for σm, Equation 1.9 would provide an excellent metric for
ranking performance of retroreflector design. Obviously, this is not feasible, and
thus approximation is necessary.

𝜎

. .

≈

1
2𝜋

𝜎 (𝑟 = 𝑑, 𝜃 , 𝜑 ) sin 𝜃 (∆𝜃)(∆𝜑)
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(1.10)

The double integral is converted to a double sum over discrete values of θ and φ.
As will be discussed later, finite-element method software calculates σm to easily
determine σr.a..
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CHAPTER 2
MATERIALS AND METHODS

2.1 Design
Using guidelines and examples from literature, the Van Atta array of patch
antennas was conceptualized and modeled in COMSOL, a commercially available
simulation software. The model was vetted using the known solution of the flat
plate. Designs were ranked by their rotationally-averaged RCS and the best
performing design was fabricated.
2.1.1 Antenna Calculations
The key to proper operation is achieving resonance. Microstrip antennas are
commonly referred to as “half-wave patches” because their resonant size is onehalf of a guided wavelength.

𝐿

=

𝜆
𝜆
=
2
2 𝜀

=
,

𝑐
2𝑓 𝜀

(2.1)
,

The L corresponds to the length of the patch. The purpose of the eff subscript is
illustrated in Figure 2.1.
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Figure 2.1 Schematic of antenna dimension. Due to effect of fringing fields,
patches seem longer in terms of resonance. Different widths induce an effective
dielectric constant.

Due to the fringing fields at the edge of the microstrip (both the patch and
transmission line), there is a necessary correction to the calculations, which takes
the form of an effective dielectric constant [31]. This is dependent on the width W
and the height of the microstrip above the ground plane, h, which is the thickness
of the dielectric material.

𝑐

𝑊=
2𝑓

𝜀

,

=

𝜀

+1

,

(2.2)

2

𝜀 +1 𝜀 −1
1
⎛
⎞
+
2
2
12ℎ
⎝ 1+ 𝑊 ⎠
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(2.3)

Note that the two parameters in Equations 2.2 and 2.3 are mutually dependent.
Therefore, an iteration scheme is needed to converge to a solution. Also, since this
effect will occur on both the lines and the antenna, there will be a corresponding
𝜀

,

for each. This is especially important because the guided wavelength 𝜆 will

differ in the two regions.
As seen in Figure 2.1, the desired length of the patch L is augmented by
ΔL. This is another correction factor needed to identify the proper resonant
parameter. As the wave approaches the patch from the transmission line, there
may be a step up in width, but the field lines can continue along the patch. When
it hits the end of the patch, there is no more conductive material and the field lines
fringe here as well. This is known as an open end, and ΔL is the corresponding
correction [32].

𝛥𝐿 = 0.412 ℎ

𝜀

,

𝜀

,

𝐿=𝐿

𝑊
+ 0.264
ℎ
𝑊
− 0.258
+ 0.8
ℎ
+ 0.3

− 2𝛥𝐿

(2.4)

(2.5)

Beginning with a design frequency of 0.2 THz (200 GHz), the calculated
parameters for the antenna and transmission lines are given in Table 2.1 below.
Some parameters are fixed due to a priori knowledge of material properties and
printing capabilities. This also simplified the design process by reducing the
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degrees of freedom during simulation. If square patches are needed, the iteration
will include length calculations and resetting the width to equal the final length. The
MATLAB code is available in Appendix B.

Table 2.1 Antenna Parameters
Parameter
𝑓
ℎ
𝜀
𝜀, ,
𝜀, ,
𝑊
𝑊
𝐿
𝛥𝐿
𝐿
𝜆 ,

Description
Resonant frequency
Thickness of substrate
Dielectric constant of substrate
Dielectric constant under trans line
Dielectric constant under patch
Width of trans line (based on print)
Width of patch (set equal to 𝐿)
Effective length of patch (also 0.5 𝜆 )
Open end length correction to patch
Actual length of patch
Guided wavelength along trans line

Value
200 GHz*
52 µm*
3.6*
2.76
3.10
90 µm*
377.9 µm*
425.8 µm
23.9 µm
377.9 µm
851.6 µm
* fixed parameters

2.1.2 Simulation (COMSOL)
Obviously, developing and testing different design concepts for a Van Atta
retroreflector can be tedious. A simulation software is well-suited for this type of
problem. One is able to set and tweak parameters and quantify performance
without fabrication and testing, which can be costly and time-consuming. The
specific software used in this study is COMSOL and its RF Module.
COMSOL is a finite element method (FEM) simulation software. For many
electromagnetic problems, the key to a solution is solving Maxwell’s equations at
all points. Clearly,

this is not physically possible. Instead, numerical

approximations are made. FEM is one such approximation to solving ODEs and
PDEs with difficult or no analytical solutions. Once a model is built or imported into
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a study, a mesh is generate using small customizable elements. The locations of
the vertices of these connected finite elements are known as nodes, and that is
where the approximations are taken [33]. The smaller the mesh element size, the
more accurate the approximation – but with a significant computational power cost.
When creating a model, it is crucial to mesh sufficiently rather than intensely, for
there can be just as accurate solutions found with coarser (and thus faster)
meshes. For electromagnetics, it is commonly accepted to set the largest mesh
element smaller than 𝜆 /5. Figure 2.2 depicts the meshing used in the final design.

Figure 2.2 Meshed model of Van Atta array depicting dense element concentration
on the structure itself. Physically small areas, such as the transmission lines and
bends, have significantly more mesh elements.
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The RF Module within COMSOL uses a full wave formulation when solving
for the electric field. This term refers to use of the full time-dependent Maxwell’s
equations to solve problems where structures are electrically comparable to the
wavelength in question [34]. This differs from quasi-static cases, where
propagation of the wave does not affect the conditions over a reasonable time
period. The Far Field Domain node is most applicable to this study. Without having
to model large distances, it uses the Stratton-Chu formula which accounts for the
distance from the antenna to the field point and the solution of the near-field electric
field and ignores the background (or incident) field. This scattered field is then used
to calculate the bistatic RCS.
To accommodate the study here, it was more efficient to modify existing
models that were included as examples and tutorials rather than building a new
one.

In

particular,

“radar_cross_section.mph”,

“rcs_sphere.mph”,

and

“microstrip_patch_antenna_inset .mph” (shown in Figure 2.3a-c) were modified.
Monostatic RCS is not calculated by COMSOL organically. Thus, the 2D model
calculates the monostatic RCS of an object using a coordinate mapping function
on the bistatic RCS solution. The 3D RCS model had the appropriate node and
study structure that would accommodate the Van Atta array. Finally, the antenna
model is used to validate the parameters calculated and study effects of frequency
shifts and impedance matching. A combination of all three is the final simulation
base for this thesis, shown in Figure 2.3d.
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a.

b
.

c
.

d
.

Figure 2.3 a.-c. Pre-existing models used to create base simulation for this thesis,
shown in d. The spherical shell is the “perfectly matched layer”, a non-physical
simulation construct that aids in the study of the far-field domain by absorbing
spurious reflections.

Once the simulation was configured to deliver the desired solution, it had to
be validated. A solution for the RCS of a flat metal plate is very well-known and
serves as a litmus test [35]. Similar to Fraunhofer diffraction [30], the analytic form
of the RCS of a flat rectangular plate can be determined using the spatial Fourier
transform of the aperture function and a plane wave with a varying angle of
incidence. The result is the square of a sinc function with a maximum at 𝜃 = 0.
Running the simulation to solve for the monostatic RCS and comparing the result
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to that of the flat metal plate, it is easy to see that the model coincides well with
theory. This validation is crucial for the design process, as much time and effort
can be wasted on running simulations that are not accurately representing the
physical phenomena.

Figure 2.4 COMSOL model delivers results that are validated using the analytic
solution to the flat metal plate. The divergence of the two solutions at shallower
angles can be attributed to corrections necessary for the physical optics model
given by second and third order diffraction theory [36].
2.1.3 Design Concepts and Ranking
To develop the Van Atta retroreflector, the following steps were used after the
model was built and validated.
1. Develop array concepts and incorporate designed antenna.
2. Simulate RCS with plane wave at various angles of incidence and
polarizations.
3. Calculate rotationally-averaged RCS and rank array concepts.
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Table 2.2 Design Evolution and Ranking
Array Concept

RCS Pattern vs Flat Plate

Description/
Evolution

Rot.
Avg.
RCS*
(dB)

Initial model
developed to
validate Van
Atta operation

2.71

Theoretical
concept by
D. Bird. All lines
are of equal
length.

2.42

Adaptation of
Van Atta Design
by Vitaz et. al.
Attempts crosspolarized
operation using
pairs of linear
series-fed
arrays.
Lines differ by

3.23

𝑛𝜆𝑔 .
Removal of one
set of lines and
patches set to
squares.

Final Design
Reduced interarray spacing to
add more
antenna pairs.
Overall line
length difference
is 7𝜆𝑔 .

*rotationally averaged RCS is normalized to a flat plate of the same size
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3.79

4.77

The design concepts in Table 2.2 are listed in order from worst to best performing.
Only those that exceeded the rotationally averaged RCS of a flat plate of the same
size were considered viable. Aside from have a significant RCS off-normal, it
became a subgoal to also make the retroreflector operate in both polarizations.
Using the center transmission line as a guide, “co-polarized” refers to electric fields
in line with it along with the x-axis as shown; “cross-polarized” electric field is
perpendicular along the y-axis. The normalized RCS for both modes is given in
Figure 2.5. It is clear to see that there is a significant improvement in terms of RCS
against that of a flat plate, dropping to -10 dB only after 𝜃 = 30° whereas the flat

RCS (dBsm)

plate does the same at 𝜃 = 5°.

Figure 2.5 Normalized simulated RCS of final design for both co- and crosspolarized measurements.
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2.2 Fabrication
Once the final design was chosen, it was fabricated using a precision microdispensing tool. This was chosen over inkjet printing due to the ability to produce
functional and consistent prints at sub-millimeter scale. Inkjet or drop-on-demand
printing, though fully capable of producing samples at this size, can be limiting in
terms of usable material that meet certain physical properties, such as viscosity
and surface tension. For the Van Atta retroreflector, silver flake paste (Novacentrix
Metalon FG77, 85% loading) was dispensed onto a single-sided copper-clad
polyimide laminate (DuPont Pyralux LR9220, ε r = 3.6). Prior to printing, the
substrate was cleaned with acetone and isopropyl alcohol.
2.2.1 Micro-Dispensing (nScrypt 3Dn and SmartPump)
Patented by nScrypt Inc., the SmartPump is capable of micro-dispensing materials
with high precision. It is a positive pressure pump with a digitally controlled valve
that regulates the flow of the material onto the desired surface [37]. The open and
closed positions of the valve and applied pressure can be calibrated to the
material’s properties. The material is loaded into a syringe, centrifuged to remove
air pockets, and pumped through a ceramic nozzle tip (50 µm inner diameter, 100
µm outer diameter). The size of the tip generally dictates the limitations on feature
size. Smaller tips were available but not needed for the size of the retroreflector’s
features. Also, a smaller resolution equates to more passes and, subsequently,
increased print times and potential for misprints.

28

camera
view of tip
during print

material feed

Figure 2.6 (top) Close-up view during print. The 50 µm tip maintains a print height
of 5 µm above the substrate. A camera allows the user to determine quality in situ.
The SmartPump (bottom left) uses positive pressure on a syringe to dispense
material. The nScrypt 3Dn-Tabletop (right) is programmed and controlled through
proprietary software.
The SmartPump is one of the tools available for use on an nScrypt 3DnTabletop and its variants. The system used in development of the retroreflector
also employed a laser sensor to accurately map the substrate before dispensing.
This played a crucial role in the final quality of the sample. The height above the
substrate directly correlated with the amount of material pushed through the
nozzle, but being too close would prevent any material flow. The ability to follow
the small changes in the height of the substrate (which likely varies even every 50
µm across the surface) allowed the print to maintain a fixed gap and produced
consistent samples. In addition, a vacuum chuck was used to fix the position of the
substrate and improve flatness. Two calibrated system cameras allow views of the
prints in situ, which aid in quality control and preliminary analysis.
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Figure 2.7 Fabricated samples of individual and array of Van Atta THz
retroreflectors. Note the defects circled in yellow. These were likely due to poor
adhesion to the substrate prior to sintering.

After printing, the samples were sintered in a vacuum oven at 150º C for 10
minutes. Excess substrate was then trimmed off to complete the sample, shown
above in Figure 2.7 before characterization. Care was taken not to warp the
sample during this process as small bends could alter the direction of the
retroreflected signal during measurements.

2.3 Characterization
Once complete, the samples were observed through a calibrated 10x optical
microscope for measurements of printed dimensions. This also allowed closer
analysis of print quality and consistency. Verification of the printed dimensions
ensures operation of the retroreflector as simulated.
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Figure 2.8 Dimensions of printed sample as measured through 10x digital optical
microscope. Note the irregular shape of a square-designed antenna.
All dimensions listed in Table 2.1 were confirmed to be within 7 µm of the
design. The most variation was seen in the width of the transmission lines, where
such a deviation does not induce as much an effect as does a variation in the
length of the patches or intra-antenna lines. Inherent issues of the printing method
include rounded corners and blemishes at the print head’s lift-off points, such as
the bottom right corner of the patch in Figure 2.8.
2.3.1 Terahertz Time-Domain Spectroscopy
For this thesis, characterization was completed using a Picometrix (now Luna
TeraMetrix) T-Ray 2000, a THz time-domain spectroscopy (THz-TDS) system.
Using a Ti:Sapphire femtosecond laser as pump-probe, the system generates and
detects an electromagnetic transient through the following [38]:
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1. Split laser pulse into two beams, pump and probe.
2. Delay the path between the two beams with a mechanically controlled
optical delay.
3. Generate the THz pulse by exciting a photoconductive antenna. Carriers
are accelerated by a bias voltage
4. Guide the pulse to the sample in transmission or reflection mode
5. Merge the THz pulse and probe at the detector, another photoconductive
antenna, which induces a current proportional to the amplitude of the
electric field.
The THz pulse is measured over a time window as short as 80 ps. Thus, the
output of the system is the amplitude of the electric field over the duration of the
optical delay. In order to recover spectroscopic data, a discretized Fourier
Transform of the data is required. The T-Ray analytical software recommends time
windows for measurements based on powers of 2 in order to accurately perform
the Fourier analysis without zero padding. Long scans, up to 2.4 ns, are possible
with scan rates up to 50 ps/s. These longer scans, after taking the Fourier
transform, correspond to better resolution in the frequency domain.
Issues with this system are inherent to THz-TDS. Because the signal is
broadband, power at a given frequency is not fixed. In general, the lower
frequencies (0.1-0.4 THz) have more power than the rest up to 3 THz. For
measurements of this type, averaging will help regulate fluctuations but come at a
cost of slower measurements. This leads to the next problem, as explained in the
background information, the atmospheric loss. Changing conditions such as
humidity, even within an hour, can have effects on the consistency of the data. A
balance between length of the scan window and the overall time between first and
last scans is important to maintain.

32

2.3.2 Measurement Schemes
Since the objective is to characterize the ability to retroreflect, the system was set
up to take measurements in reflection mode. This setup, shown in Figure 2.9, use
a beam splitter to establish a collinear alignment of the transmitter and receiver.
The beam, with a spot size of approximately 2.5 cm is directed to the sample on a
rotation stage. The sample itself is mounted on a custom, 3D-printed PLA ring with
polyethylene foam. Both of these materials are very transparent in the THz band,
providing minimal interference with the measurements over traditional metallic
mounts. In this orientation, the electric field of the linearly polarized THz beam is
orthogonal to the plane of incidence, which is the surface of the bench. The sample
can be oriented to take co- and cross-polarized measurements.

Figure 2.9 Measurement setup for characterization of Van Atta retroreflector using
THz-TDS.
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A gold mirror in place of the sample is used to optimize the alignment of the
setup. Once this is complete, measurements are taken using the long scan feature
with a time window of 512 ps. This corresponds to a frequency resolution of
approximately 1.8 GHz, which should be sufficient to determine response of the
sample at given frequencies. The scan rate is set to 10 ps/s to strike the balance
between speed and accuracy. The following measurements are taken:
1. Gold mirror (3 averages)
2. Blank sample holder (3 averages)
3. Flat metal plate (copper side of blank substrate, same size as sample)
a. 0 - 20° every 1°
b. 25 - 70° every 5°
4. Individual sample of Van Atta retroreflector
a. 0 - 20° every 1°
b. 25 - 70° every 5°
5. 2 x 2 array of Van Atta retroreflectors
a. 0 - 20° every 1°
b. 25 - 70° every 5°
Once the measurements were complete, the time-domain data was exported to
MATLAB for Fourier analysis and postprocessing using the Fast Fourier Transform
function. The code is supplied in Appendix B.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 Performance Data
All simulation data from COMSOL and time-domain measurement data from TRay 2000 was imported into MATLAB for analysis and presentation. The same
format for comparing simulation to measurement was taken for the flat plate and
the Van Atta retroreflector in co-polarized and cross-polarized orientations. The flat
plate once again serves as the test of the methods used.
First, the frequency response is examined by looking at the peak RCS values
and comparing the location to that predicted in the simulation. Next, the electric
field intensity as a function of angle of incidence and frequency is presented. The
presence of high values, or “hotspots”, along a frequency band indicates Van Atta
behavior. Finally, the total power and power by frequency versus angle of
incidence is compared to the flat plate and Van Atta simulation results.
3.1.1 Flat Plate Measurements
As shown in Figure 3.1, RCS values at two different polar angles do not show any
resonant response near the design frequency of 200 GHz. This is expected since
the frequency response of a flat plate should not present any distinct peaks offnormal. In Figure 3.2, the measured electric field intensity as a function of
frequency and polar angle is shown for the flat plate. Note that the large values all
occur near normal incidence (0 degrees) and are roughly independent of frequency
as would be expected for a flat plate. The key points are the RCS value has a
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sharp peak near normal and there is no obvious resonance near 200 GHz. For
intensity along a frequency band, one should expect low values as the polar angle
increases, with no distinct “hotspots”.

Figure 3.1 Simulated (left) and measured (right) RCS frequency response of flat
plate at polar angles of 25º (blue) and 40º (red). No significant peaks are found,
as expected.

Figure 3.2 Hotspot plot of flat plate. Higher values are found toward normal
incidence with no clear peak values off-normal.
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A comparison is shown in Figure 3.3 for the total normalized power (i.e.
integrated over all frequencies) versus the simulation results for the flat plate and
the Van Atta. Note that the measured total power versus angle follows the trend
for the simulated flat plate up to approximately 5º. Since the simulated flat plate
results are for a specific frequency, the sidelobe peaks near 7, 13, 18 degrees
which are due to diffraction/ interference are clearly visible. However, since the
experimental data is averaged over all frequencies, the sidelobe structure is
averaged out. This will show to be an inherent limitation with the characterization
tool.

Figure 3.3 Total power as a function of angle for a flat plate. The characteristic
sharp drop from 0-5º is indicative of flat plate response, but subsequent lobes are
not. This stems from averaging over all frequencies in the measured values instead
of a single frequency, as done in the simulation.
In comparing the measured results from a Van Atta structure to the
theoretical predictions, we focus on two key features which would indicate Van
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Atta behavior: (a) a resonant response close to the design frequency of 200GHz
and (b) compared to a flat plate, enhanced RCS values at large angles of incidence
(i.e. greater than 10º).
To analyze the experimental response for resonant behavior in the
presence of experimental noise, the RCS versus incident angle is plotted for
frequencies both close to resonance and far from resonance. As shown in Figure
3.4, when the experimental data for the flat plate is analyzed, there does not
appear to be much difference between the resonant and non-resonant RCS
values. In order to remove the noise, the data from several of the resonant
frequencies as well as non-resonant frequencies are averaged as shown in Figure
3.5. Note that the experimental data is a better match for the flat plate rather than
for the Van Atta simulation results.

Figure 3.4 Normalized power by frequencies for a flat plate that correspond to
resonant (blue markers) and non-resonant bands (red markers). These are
presented as a comparison for the Van Atta retroreflector below.
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Figure 3.5 Averaged values of the previous figure to show the trend for the flat
plate measurement. Note both bands adhere to the flat plate simulation.

3.1.2 Co-Polarized Van Atta Measurements
In the previous section, it was shown that experimental results from the flat plate
RCS measurements are consistent with simulation results for a flat plate: (a) there
is no resonant behavior observed near 200 GHz and (b) the angular dependence
of the RCS closely follows the simulation results. In this section, we perform the
same data analysis for experimental data from the Van Atta structures in the copolarized mode.
As shown in Figure 3.6, there is clearly a resonant response near the design
frequency. Once again, both curves are presented at polar angles 25º and 40º
(these values chosen as expected high value points for the RCS). The measured
response did not exhibit as strong a response for 25º but did present a local peak
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value. It is worth nothing that the actual frequency response was detected at 199
GHz rather than the simulated 196 GHz.

Figure 3.6 Simulated (left) and measured (right) RCS frequency response of copolarized Van Atta retroreflector taken at θ = 25° and 40°. The simulation predicted
a response at 196 GHz, while measurements centered about 199 GHz. This 1.5%
shift is discussed later.
In Figure 3.7, the experimental electric field intensity for the Van Atta
retroreflector as a function of angle and frequency is shown. Note the “hotspots”
at large angles near the design frequency of 196 GHz. This is an indicator that the
retroreflector is operating as expected, providing improved performance off-normal
over the flat plate seen in Figure 3.2.
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Figure 3.7 Hotspot plot for co-polarized Van Atta shows a strong off-normal peak
with a band of mid-range values in line around the design frequency. This is a good
indication of proper Van Atta operation.
In order to be consistent with the analysis for a flat plate presented in the
previous section, Figure 3.8 shows the total normalized power for the Van Atta
retroreflector. Note that the response, which again is averaged over all
frequencies, follows the general trend for a flat plate. This is not surprising since
one would expect the Van Atta retroreflector to behave like a flat metal plate except
when the electromagnetic frequency is in resonance. Since only a small fraction of
the total THz spectral power from the time-domain measurement is in resonance
with the structure, one would expect the non-resonant response to dominate in this
case.
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Figure 3.8 Normalized total power for the co-polarized Van Atta retroreflector.
Since this represents many frequencies, one should not expect the Van Atta
response but rather one similar to a flat plate, as seen.
In order to sufficiently compare the resonant versus non-resonant response
of the Van Atta array, the measured response at several frequencies close to the
resonant frequency and away from the resonant frequency are shown in Figure
3.9. Clearly from this data, the close to resonant frequency response is clearly
larger than the off resonant response.
In order to better visualize the data, one must again reduce the noise in the
THz reflectivity data. To accomplish this, the RCS frequency response of the
resonant frequencies are averaged together as shown in Figure 3.10. Likewise,
the RCS frequency response from several non-resonant frequencies are averaged
together. Clearly, the resonant frequencies are consistent with the simulated Van
Atta response while the non-resonant frequencies are consistent with a flat plate
response.

42

Figure 3.9 Normalized power by frequency for the co-polarized Van Atta
retroreflector. The specific frequencies were chosen based on the simulation as
resonant (blue markers) or non-resonant (red markers). Note the prevalence of
resonant frequency points in higher power regions.

Figure 3.10 Averaged values for resonant and non-resonant bands for the copolarized Van Atta retroreflector. The blue dashed line follows the general path of
the Van Atta simulation, averaging above -10dB out to a considerable angle. This
is the most clear indication of Van Atta operation, as the non-resonant bands
behave as flat plates.
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In summary, for the co-polarized Van Atta measurements, analysis of the
experimental data shows two important features which strongly suggest that the
Van Atta design is functioning as a Van Atta retroreflector: (a) there is a resonant
response close to the designed resonant frequency and (b) there is an enhanced
RCS value for large angles of incidence compared to a flat metal plate.

3.1.3 Cross-Polarized Van Atta Measurements
The same analysis done in the previous two sections is conducted for the crosspolarized mode of the Van Atta retroreflector. Figure 3.11 shows the simulated and
measured RCS frequency responses. Though a clear response is expected
around 188 GHz, no such response is witnessed during the characterization.

Figure 3.11 Simulated (left) and measured (right) RCS frequency response of
cross-polarized Van Atta retroreflector. Simulation predicted 12 GHz shift from the
design, but measurements showed no significant response.
The hotspot plot in Figure 3.12, similar to the one for the co-polarized mode,
should show again a clear band of high value at the resonant frequency, but this
is not the case. There is no clear response along the predicted resonant frequency
band, indicating a lack of Van Atta behavior.
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Figure 3.12 Hotspot plot for cross-polarized Van Atta. There is no clear resonance
band as present in the co-polarized mode.

Again, a comparison against a flat plate is shown in Figure 3.13. The
response here is similar to the others before – the Van Atta array performs as a
flat plate when looking at the average over all the frequencies in a broad THz
measurement. This is in contrast to the simulated cross-polarized Van Atta
response, also shown.
To further investigate the performance, we again look at the RCS response
of frequencies around resonance as well as some bands that are expected to be
non-resonant. These values are shown in Figure 3.14. Unlike the same plot for the
co-polarized mode, we do not see as prominent a Van Atta behavior.
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Figure 3.13 Normalized total power for the cross-polarized Van Atta retroreflector
shows the flat plate pattern as expected.

Figure 3.14 Normalized power by frequency for the cross-polarized Van Atta
retroreflector. This shows no clear difference between resonant and nonresonant bands.
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Looking at the averages of those RCS values at resonant and non-resonant
bands in Figure 3.15, it is shown there is a slight indication of Van Atta behavior,
averaging an RCS response approximately 5 dB higher than the flat plate. But the
lack of adherence to the simulated shape of the curve as well as the variation of
the non-resonant response with respect to the flat plate leads to the conclusion
that this structure did not fully operate as intended and/or the measurement was
unable to detect its performance.

Figure 3.15 Averaged values from previous figure for the cross-polarized Van
Atta retroreflector. The resonant frequencies averaged 5 dB higher overall but
generally followed the shape of the flat plate response.

3.2 Discussion
As seen from the co-polarization data presented, the fabricated Van Atta
retroreflector does indeed improve RCS over wider angles of incidence. It does
not, however, perform as close to the simulation as hoped.
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One likely issue is systemic in this study, the use of THz-TDS. As a pulsed
system, it relies on the optical delay to accurately recreate the waveform. The Van
Atta array design has transmission lines of varying lengths, and even though they
are of equal electrical length, it presents a problem for the time-domain
measurement of short THz pulses. The delays in the Van Atta designs are ideally
all equal. However, for the design described in Chapter 2, the delays are integer
multiples of a wavelength which enables mores complicated patterns to be created
in a smaller area. For this chosen design, the delays among the different
transmitter-receiver pairs vary between 1 and 8 wavelengths. Since the delay
caused by one wavelength is approximately 3 ps, which is comparable to the
duration of the electromagnetic transient, a corresponding variety of delays
between 3 and 24 ps means that even if an initially planar THz wavefront from the
THz pulse is reflected from the structure, the time delay results in a non-planar
reflected wavefront. Clearly, if the incoming radiation were continuous and not a
short pulse, the integral wavelength delays would not be an issue. However, as
the THz pulse duration becomes comparable to the delays in the Van Atta design,
one can expect a degradation in the Van Atta response.
Another problem is the variation of power at any given frequency. The need
to have consistent measurements of power, especially for the resonant
frequencies, is crucial in determining if the device operates correctly. Clearly, using
a broadband THz pulse to resolve a relatively spectrally narrow response is not
the optimal experimental method to characterize the Van Atta structure. While
resolution of the specific frequency could be achieved by increasing the time-
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domain scan window, there is a limit to this methodology due to the inherent noise
in the THz time-domain system. Moreover, this in turn increases the time required
to perform a full measurement over the angles of incidence. Longer times between
the first and last scan can introduce error brought on by changing lab conditions.
In order to improve the quality of the measurement data, a tunable continuouswave THz system would be preferable to a THz time-domain measurement
system.
The printing method is shown to produce working samples, but there is
room for improvement. Variations and defects in the print are also very likely to
cause the samples to deviate from their simulated performance. In some areas,
the silver paste was too thin or flaked away from poor adhesion. Also, misprinted
antennas and lines can induce losses and inefficiency with irregular or incomplete
shapes.
The cross-polarized mode was very disappointing. Though not a major
design objective, the ability to use the same structure for two modes of operation
is appealing. Simulations suggested an improvement over the flat plate, though
not as great as the co-polarized mode. The experiment seems to confirm the crosspolarized mode’s response as akin to the flat plate’s with slightly more power. A
possibility for this low response could be greater losses to grating lobes than
expected. Array spacing should be kept less than a half-wavelength to avoid any
grating lobes. Due to the arrangement chosen and line lengths required, exceeding
this spacing was unavoidable. Exploring different ways to construct the array is
necessary to address this issue.
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Finally, the frequency response for the co-polarized mode was shifted by 3
GHz. Though only a 1.5% change, it almost represents half of the spectral width.
Some of it can be explained by the resolution of the scan after the Fast Fourier
Transform (approximately 1.8 GHz), but the likely issue stems from inaccurate
material properties for the substrate. The manufacturer’s data did not extend into
the THz band; the dielectric constant thus had to be extrapolated. Also, defects in
the print once again can affect performance. The printed dimensions were
approximately 1.5% larger than designed. This, however, would have shifted the
frequency lower instead of higher.
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CHAPTER 4
CONCLUSION

4.1 Conclusions and Future Work
Van Atta arrays can be a solution to implement smart steerable antenna
systems for THz wireless communication. They can be easily manufactured
and

incorporated

into

necessary

subsystems.

More

research

and

experimentation is required to determine the capabilities and limitations of Van
Atta arrays in this context, especially integration of active components.
Following the trends in other bands, the THz gap may soon see the light. This
thesis focused on the design, fabrication, and characterization of an initial
prototype for a passive planar THz retroreflector.
The design emphasized a Van Atta retroreflector which exhibited high
reflectivity for both polarizations over a broad range of angles of incidence.
Simulations showed a significant response near the design frequency, with
approximately 10-15 dB improvement over a flat plate. The fabrication tool
used for this design was an nScrypt Tabletop 3Dn. The ability to precisely
microdispense conductive material with consistency and accuracy was critical
to the success of the prints. The samples were characterized with THz timedomain spectroscopy to determine their performance as Van Atta arrays. The
co-polarized mode showed significant Van Atta behavior, resembling that of its
simulated average 10 dB improvement over a flat plate of comparable size.
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The cross-polarized mode, however, did not present clear evidence of such
behavior, though a response was detected.
Future work in this can seek improvement in all three aspects of the
objective. Further optimization of the design can focus on the tradeoff between
size and gain. Decreasing the lengths of the lines and using smaller sub-arrays
may also help reduce the grating lobes. More precise fabrication techniques
such as a methodical print sequence and layering may help improve quality
and robustness of the samples. New measurement techniques or equipment
such as continuous-wave systems can be used to better characterize the
samples. All of these can help determine the viability of Van Atta retroreflectors
as critical components for THz wireless communications.
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APPENDIX A
DESIGN DIMENSIONS
Schematic showing the dimensions of the final design for the Van Atta
retroreflector.

7.5𝜆

4.5𝜆
𝜆
4

2.5𝜆

5𝜆

8𝜆

2.5𝜆

𝜆

𝜆
2

𝜆 = 851.6 µm
Each square patch is L = W = 377.9 µm
Patches within any linear series are connected by lines of length 𝜆 /2
All transmission lines are 90 µm wide.
Line lengths shown (e.g. 8𝜆 ) are measured along inner edge.

53

APPENDIX B
MATLAB CODES

B.1 MATLAB code to iterate antenna calculations.
%% This code incorporates the calculations necessary for antenna design based
on frequency and substrate properties
%% set constants
c = 2.998e8;
f = 200e9;
sub_eps = 3.6;
H = 52e-6;
Wline = 90e-6
%% starting points
eps_eff = sub_eps;
W= c/(2*f*sqrt((eps_eff+1)/2))
%% iterate for square patches
i=0;
while i<10
eps_eff = ((sub_eps+1)/2)+((sub_eps-1)/2)*(1/sqrt(1+(12*H/W)));
i=i+1;
Leff = c/(2*f*sqrt(eps_eff));
dL = 0.412*H*(((eps_eff+0.3)*((W/H)+0.264))/((eps_eff-0.258)*((W/H)+0.8)));
L = Leff-2*dL
W=L
%W=Wline;
end
%% estimate impedance
Zline = (376.73/sqrt(eps_eff))*(W/H+1.393+0.677*log(W/H+1.444))^-1;
Zant = 1/(2*(W*(1-(2*pi*H/lambda)^2/24)/(120*lambda)));
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B.2 MATLAB code to call import function and perform fast Fourier transform on
time-domain data for spectral analysis.
clear all
%%set frequency range and file structure
freqstart =100;
freqend = 500;
directory = "FILE_PATH_HERE";
filename = "vanatta";
%% import files with time-domain data using importTRay.m and create array of
FFT values
theta=[0:1:20 25:5:70];
for i=1:numel(theta)
if theta(i)<10
s1 = directory+filename+"_0"+int2str(theta(i))+".txt";
else
s1 = directory+filename+"_"+int2str(theta(i))+".txt";
end
[t(:,i),v_t(:,i)] = importTRay(s1);
dnu = 1/(t(end,i)-t(1,i));
nu = (0:(3/dnu))*dnu;
v_nu1(:,i) = abs(fft(v_t(:,i)));
if i<2
v_nu = [v_nu1(1:length(nu))];
else
v_nu = [v_nu v_nu1(1:length(nu),i)];
end
end
%% repeat for background FFT
[bt,bv_t] = importTRay(directory+'blanklongscan.txt');
bdnu = 1/(bt(end)-bt(1));
bnu = (0:(3/bdnu))*bdnu;
bv_nu = abs(fft(bv_t));
bv_nu = bv_nu(1:length(bnu));
%% frequency value mapping to element location
nustart = find(abs(nu.*1000-freqstart) < 0.9);
nuend = find(abs(nu.*1000-freqend) < 0.9);
%% import simulation values
[theta_sim,v_sim] = importTRay(directory+’vanattasim.txt');
[theta_sim,fp_sim] = importTRay(directory+’flatplatesim.txt');
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B.3 MATLAB function file to import time-domain data from a .txt output file into
vectors.
function [time,v_t] = importTRay(filename, startRow, endRow)
%% This is a function file used to import time-domain data into a MATLAB
vectors.
%% Initialize variables.
delimiter = '\t';
if nargin<=2
startRow = 3;
endRow = inf;
end
%% Format string for each line of text:
% column1: double (%f)
% column2: double (%f)
% For more information, see the TEXTSCAN documentation.
formatSpec = '%f%f%*s%*s%*s%*s%*s%*s%*s%[^\n\r]';
%% Open the text file.
fileID = fopen(filename,'r');
%% Read columns of data according to format string.
% This call is based on the structure of the file used to generate this
% code. If an error occurs for a different file, try regenerating the code
% from the Import Tool.
dataArray = textscan(fileID, formatSpec, endRow(1)-startRow(1)+1, 'Delimiter',
delimiter, 'EmptyValue' ,NaN,'HeaderLines', startRow(1)-1, 'ReturnOnError',
false);
for block=2:length(startRow)
frewind(fileID);
dataArrayBlock = textscan(fileID, formatSpec, endRow(block)startRow(block)+1, 'Delimiter', delimiter, 'EmptyValue' ,NaN,'HeaderLines',
startRow(block)-1, 'ReturnOnError', false);
for col=1:length(dataArray)
dataArray{col} = [dataArray{col};dataArrayBlock{col}];
end
end
%% Close the text file.
fclose(fileID);
%% Allocate imported array to column variable names
time = dataArray{:, 1}v_t = dataArray{:, 2};
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